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ABSTRACT
Polytetrahydrofuran

(PTHF)

and

3,4-epoxycyclohexylmethyl

3ʹ,4ʹ-epoxycyclohexane

carboxylate (Epoxy) were crosslinked by photocuring via active monomer mechanism to make
solid state networks. The networks were loaded with various amounts of calcium salt and
calcium nitrate to create calcium ion solid state electrolytes. The loading range includes both
salt-in-polymer and polymer-in-salt regimes. The O:Ca ratios range from 1.1 to 13.8. The ionconductivity determined by electrochemical spectroscopy impedance and thermal properties
(TGA, DSC) and Raman spectroscopy of PTHF-Epoxy/Ca(NO3)2 polymer electrolytes were
measured. All samples were rubber-like and stable at temperatures from room temperature to
120 °C. With increase of salt loading, ion-conductivities of electrolytes first increase and then
decrease. The one with highest ion-conductivity had a O:Ca ratio at 1.9 and conductivity of
1.14×10-4 S/cm at room temperature (25°C). At about 110°C, this electrolyte presents the highest
conductivity at 0.0157 S/cm. Thermal analysis shows the material has an amorphous structure
and high thermal stability. This system provides a route to create calcium ion solid state
electrolytes.
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CHAPTER I
INTRODUCTION

With the development of human society, the consumption of fossil fuels is increasing.
The development of clean energy is critical. As an important part of the development of wind
energy, solar energy, and so on, rechargeable batteries have received a lot of attention. They are
indispensable in people’s daily lives. Developing better battery performance is now an important
goal for storing energy cleanly and safely.
Most batteries contain liquid electrolytes and, in the past, most research has focused on
development of liquid electrolytes batteries. They are widely used because liquid electrolytes can
provide high ionic conductivity. The batteries include one anode, one cathode and the electrolyte.
The electrolyte works as a chemical medium which can let electrical flow between cathode and
anode. When discharging, chemical on the anode can release electrons while the cathode can
accept electrons. Lithium salts, such as LiPF4, LiClO4, LiPF6 in organic solvent are usually used
in liquid electrolytes. However, liquid electrolytes have shortages, such as limited operation
temperature, corrosion problems, hermetic problems and have the risk of explosion. Toward this
end, an area of intense research focus has been the replacement of the liquid or gel electrolytes
with solid state electrolytes.
Compared to liquid electrolytes, the most outstanding advantage of solid state electrolytes
is safety. Solid state electrolytes are nonflammable, noncorrosive, nonvolatile and have no
leakage problems. They have a longer lifetime and are safer.

[1]

Besides, using solid state

electrolytes can help increase the energy density of batteries. Energy density is a product of
specific capacity and battery voltage. Solid state electrolytes can achieve higher energy density
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for their wider electrochemical window that leads to wider range of voltage. Furthermore, solid
state electrolytes can work at a wider temperature range than liquid electrolytes. The shape of
electrolytes can be changed to fit many different designs and can be used in different areas. Solid
state electrolytes can be divided into two kinds, solid polymer electrolytes (SPE) and inorganic
solid electrolytes (ISE). [2]
Solid state electrolytes include solid polymer electrolytes and inorganic solid electrolytes.
Since the first observation of polyethylene oxide (PEO) complexed with alkali metal salt was
reported by Fenton et al. in 1973 [3], solid polymer electrolytes (SPEs) have received a lot of
attention in solid-state battery applications. In SPEs system, metal ions are dissolved in the base
polymer in the form of salt. Transport ability of ions is affected by the mobility of main polymer
chains and the number of free metal ions. Higher transport ability leads to higher conductivity,
which also means better battery performance. Thus, the conductivity of electrolytes, 𝜎 , is
decided by two parameters: the number of charge carriers and their mobility. [1]
The ionic conductivity of SPEs often follows two mechanisms, which are the Arrhenius
or Vogel-Tammann-Fulcher (VTF) equations. [4]
The Arrhenius equation is shown in equation (1),
𝜎𝑇 = 𝜎0 𝑒𝑥𝑝 [

−𝐸𝑎 1
]
𝑘 𝑇

(1)

where σT is the conductivity of electrolytes at temperature T, σ0 is the pre-exponential factor, Ea
is the activation energy, k is the Boltzmann constant and T is the absolute temperature. Ea can be
calculated by linear fit of log σT vs. 1/T plots. This behavior occurs when an ion hops from longrange motions of the matrix, such as amorphous polymer, glass phase below glass transition, etc.
[5]

The VTF equation is shown in equation (2),
𝐵

𝜎𝑇 = 𝜎0 𝑇 −1/2 exp(− 𝑇−𝑇 )
0

(2)
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where σ0 is the pre-exponential factor, T0 is the equilibrium glass-transition temperature and B is
the pseudo-activation energy of the conductivity. The bent conductivity behavior occurs when
ions move with long range motions of polymer branches and solvent molecules. [5]
SPEs have high conductivities at room temperature, close to those in the range of liquid
electrolytes.

[6]

Compared with inorganic solid electrolytes, SPEs are lighter and more flexible.

They are safer than ISEs as well. They are very attractive for solid state batteries. After the
findings of Fenton et al., more solid-state complexes based on polyethylene oxide (PEO) were
synthesized and tested. In 1979, PEO-Li salt complex was made

[7]

. In 1981, Na salt complexes

based on PEO were made. The PEO-NaSCN sample has conductivities of 10-7 S/cm at room
temperature and 10-3 S/cm at 120 °C. [8] PEO-Li salt electrolytes normally have conductivities of
10-5 S/cm at room temperature. [9] Different kinds of ions such as K+, Mg2+ etc. were loaded on
polymer materials. Among SPEs, PEO has been widely used. Besides PEO, other polymer based
solid state electrolytes were developed.
Appetecchi et al. examined the transport and electrochemical properties of
polymethylmethacrylate (PMMA)-Li electrolytes in 1994. [10] Yang and coworkers

[11]

examined

the conductivity and properties of lithium ions in polyacrylonitrile (PAN) and the activation
energy of the electrolytes was estimated to be 86 kJ/mol. They stated that contact resistance of
the electrode-electrolyte interface can affect the conductivity measurements greatly and PAN
was a good ionic conductor.

[11]

PAN has high strength, abrasion resistance and good insect

resistance, which makes it widely used in producing and synthesis. [41]
An/the electrolyte based on the poly (vinylidene fluoride) (PVDF)/poly (ethylene oxide)
(PEO) star polymer was developed. The electrolyte had a high ionic conductivity (3.03×10-3
S/cm) exhibited at room temperature.

[12]

Poly (vinylidene fluoride) (PVDF): LiPF6 complex
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membranes polymer electrolytes were synthesized by Chin-Yeh Chiang et al. [40]. The ‘solid’ and
‘wet’ polymer electrolytes were evaluated. They indicated that the crystallinity of PVDF was
disrupted by interaction between lithium ions and fluorine in the polymer. [40]
Choi et al. developed polymer blend (poly (ethylene oxide) (PEO)-poly (propylene oxide)
(PPO)), complexed with lithium salt.

[13]

They combined the theory of melting point depression

and modified PHSC model together to describe phase behavior of electrolytes.

[13]

A high-molecular-weight poly (trimethylene carbonate) (PTMC) based solid polymer
electrolyte was synthesized by Bing Sun et al. in 2013.

[39]

The lithium electrolytes had

conductivity at 10-7 S/cm at 60°C and electrochemical stability of 5.0 V vs. Li/Li+. They also
stated that the PTMC was a potential material for 3D micro batteries. [39]
To get a reliable SPE, the polymer electrolyte materials should achieve ionic conductivity
𝜎 ≥ 10-4 S/cm at room temperature; high thermal and chemical stabilities and mechanical
strength are required; and the electrolytes should be compatible with electrode materials. [14]
Poly(tetrahydrofuran) (PTHF) is a choice for making electrolytes, which has good
conductivity [15]. Polymer electrolyte comprising PTHF complex of LiClO4 was first prepared by
Alamgir et al. and conductivity of the electrolyte was determined as 1.2×10-6 S/cm at room
temperature.

[15]

Several research studies showed that PTHF presents high conductivity when

complexed with lithium salts[16-17] and in copolymer based SPEs for lithium ion batteries[18-21].
PTHF is a white waxy solid that melts between 20 and 30°C. At room temperature, PTHF is
typically a liquid. To make a solid polymer electrolyte, in this research, we prepared a mixture of
PTHF

and

3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate

(Epoxy)

and

photoinitiators to initiate the reaction of crosslinking through copolymerization epoxides in the
presence of hydroxy-containing compounds by activated monomer (AM) mechanism. [22]
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Copolymerization can help to prevent crystallization and reduce glass transition
temperature, and thus increase the mobility of the polymer chains and increase ionic
conductivities of electrolytes.

[23]

It is expected that the chemical bond among PTHF and epoxy

will create a stable, solid crosslinked material. Furthermore, PTHF alone is known to suffer from
degradation at elevated temperatures, and the epoxy can potentially stabilize the material when
heated. Hence, we are motivated to explore this system in order to attain a robust crosslinked
material that provides attractive ion conductivities for applications.
Lithium batteries have been developed widely and used in many technologies such as cell
phones, laptops, tablets. Lithium salts are widely used in producing solid state batteries. They
have high energy density and rechargeability. However, they are flammable and have safety
concerns. Moreover, lithium is a high cost material and is difficult to recycle. In this research we
used calcium salt instead of lithium. Calcium ion batteries have the potential to be a more costeffective, high-powered, and environmentally friendly form of electrical energy storage. Calcium
is the 5th most abundant metal in the Earth’s crust, and current annual production is sufficient to
supply its battery industry. The electrolytes from calcium are also less expensive (e.g., ~$20/100
g of calcium versus ~$27/100 g of lithium). Furthermore, the 2+ oxidation state of calcium
enables it to provide a higher energy density as compared to lithium, and calcium’s standard
reduction potential is 170 mV above that of lithium, enabling a significantly larger cell potential.
Compared to magnesium ion batteries, calcium batteries inherently have a higher cell voltage,
for a given cathode voltage, due to the 0.5 V lower standard potential of Ca/Ca2+ vs Mg/Mg2+.
Moreover, Ca2+ holds potential for faster reaction kinetics as compared to Mg2+ (thus better
power performance) owing to its lower polarizing properties. Calcium batteries have recently
been shown to be rechargeable. [24] While the development of calcium anodes and cathodes is an
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area of nascent, yet intense research, [25] examination of appropriate electrolyte materials remains
non-existent. Focus remains predominately on lithium ion batteries or, more recently, sodium ion
batteries.[26-29]
To our knowledge, Ca2+ SPEs based on PTHF crosslinked are being reported here for the
first time. The properties of PTHF and epoxy were studied by Hartwig and co-workers;

[30]

however, the thermal and ion conductivity properties were not examined. Lutzen and co-workers
studied the crosslinking of polycaprolactone with epoxy.[31] Jacob and co-workers employed
vinyl-end terminated PTHF to form a crosslinked material.[32]
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CHAPTER II
EXPERIMENTAL SECTION

2.1 Materials.
Polytetrahydrofuran

(PTHF),

3,4-epoxycyclohexylmethyl

3ʹ,4ʹ-epoxycyclohexane

carboxylate (Epoxy), photo-initiator camphorquinone (CQ), Calcium nitrate tetrahydrate and
Tetrahydrofuran

(THF)

were purchased from

Sigma-Aldrich. Cationic initiator (4-

octyloxyphenyl)-phenyliodonium hexafluoroantimonate (OPPI) was purchased from Hampford
Research Inc. All chemicals were used without further purification.
2.2 Polymer network formation.
PTHF and Epoxy were mixed at a 1:1 proportion by weight with CQ (2.5wt% of total
mixture) and OPPI (1.5wt% of total mixture). The solution was protected from exposure to light
and stirred in a dark room for 48 hours. The stirred solution was injected into closed cells
consisting of a 17mm diameter Teflon ring sandwiched between two plastic coverslips. The cells
with solution in them were exposed to collimated incandescent light (1” diameter lens) emitted
from a quartz−tungsten−halogen (QTH) lamp (300−2500 nm) at an intensity of 12 mW/cm2 for 5
hours. Setup of photocuring process is shown in Figure 1.

Figure 1. Setup of photocuring process
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The cured samples were removed from the cells and soaked in THF overnight for
washing to remove any remnant, unreacted components. The samples were then dried in a
vacuum chamber for 24 hours at temperature of 50 C. To evaluate the gel fraction of
electrolytes, samples were washed after weighing and weighed again after washing, repeating the
procedure until a constant weight was attained.

Figure 2. Vacuum chamber
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2.3 Calcium nitrate loading.
Different masses of calcium nitrate were dissolved in 5 mL THF to make solutions of
various concentrations. The dried polymer samples were soaked in the solutions for two days.
THF is a good solvent for calcium nitrate with low boiling point, so it is easy to remove from
samples. But THF can make samples expand and make them easy to break. So, after soaking for
two days, we removed the THF solvents and put vials with samples into a/the vacuum chamber
instead of taking samples out of vials. The samples after salt loading were dried in vacuum
chamber at 50 C for 24 hours. Additionally, several samples were soaked in THF to determine
gel fraction of samples, as well as any mass loss associated with the extended length of time for
salt loading. Weights of the mass of washed samples and mass of dried samples loaded with
calcium nitrate were taken. The amount of salt in samples was determined by the weight changes
and gel fraction of electrolytes. From the amount of salt, O: Ca ratio was then calculated. The gel
fraction, Gx, was calculated from the equation:
𝐺𝑥 =

𝑚𝐴
100%
𝑚𝐵

(1)

where mA and mB are the sample weights before and after the extraction, respectively.

2.4 AC Impedance Spectroscopy.
Ion conductivity of each sample was determined by AC impedance spectroscopy using
Solartron Energy Lab XM Instrument, analyzed at frequencies from 1 MHz to 0.1 Hz at an
amplitude of 20 mV. A thin section (0.7-1 mm) of square shape was cut from the samples and
sandwiched between two stainless steel block electrodes. This setup is showed in Figure 3. The
setup was then placed in circuit. Measurements were taken at temperatures from 30 to 110 °C
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with 10 °C intervals. The samples were heated by two heaters at the same time. The bulk
resistances to ion conduction, R, were determined by fitting the z-plots with equivalent circuits,

𝜎=

𝑑
𝑅𝐴

(2)

and the conductivity calculated using equation (2):

where σ is the conductivity of sample, d is the sample thickness, R is the resistance and A is the
contacting area with block electrodes. All conductivities of samples with different amounts of
calcium salt loaded were recorded and used for Arrhenius plots in Figure 6. All measurements
were carried out inside an argon filled glovebox. The glovebox filled with argon is shown in
Figure 4.

Figure 3. Setup of impedance spectroscopy
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Figure 4. Argon filled glovebox

2.5 Thermal Analysis.
The thermal degradation of all samples was studied using thermogravimetric analysis
(TGA) on a TA instrument (TGA Q500). Samples with weights from 5mg to 10mg were placed
on a tared platinum pan on TGA equipment. Samples were heated up to 600 °C at a heating rate
of 10 °C/min under constant nitrogen flow. A sample with no calcium salt was tested.
The thermal properties of samples were measured using differential scanning calorimetry
(DSC) on a TA instrument (DSC Q1000). 3 mg-5 mg of each sample was placed in a sealed
aluminum pan that was cooled down to -90 °C then heated up to 60 °C under a nitrogen
atmosphere. This cool-heat profile was repeated three times at a rate of 10 °C/min to erase the
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thermal history of samples. The fourth cool-heat cycle was used to assess the thermal properties
of the samples.

2.6 Raman Spectroscopy.
Microscope slide glasses with samples on them were placed onto a stage of a Leica
DM2700P microscope for Raman spectra. A confocal Raman microscope (Renishaw, InVia) was
used for Raman spectra of samples. A 785 nm continuous wave (CW) diode laser was used.
Passing through a collimator onto a series of mirrors, light was guided through a 5x- magnified
objective and collected through the microscope objective. A CCD camera took images. Range of
spectra were from 100 cm-1 to 3200 cm-1. Data from the test was used for Raman intensity vs.
Raman shift plots. Raman microscope is shown in Figure 5.

Figure 5. Raman microscope
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CHAPTER III
RESULTS AND DISCUSSION

3.1 Molecular structures

(a)

(b)

Figure 6. (a) Precursors for the formation of PTHF- Epoxy crosslinked networks. (b) Schematic
of the crosslinked structure incorporating both Epoxy-Epoxy and PTHF-Epoxy linkages.

Figure 6 shows the molecular structures of the precursor monomers, PTHF and Epoxy,
that comprise the crosslinking copolymer network. Initiated by photo initiators, camphorquinone
and 4-octyloxyphenyl-phenyliodonium hexafluoroantimonate, the cationic polymerization of diepoxy structure of 3,4-epoxycyclohexylmethyl 3ʹ,4ʹ-epoxycyclohexane carboxylate leads to
crosslinked polymers. During cationic polymerization, hydroxyl-containing compounds are
polymerized into the epoxy network, which is described as an activated monomer (AM)
mechanism.

[22] [31]

Thus, the cationic polymerized epoxy linked with OH-terminated PTHF and

expands the chain. Epoxide groups can react to each other and to the hydroxyl groups formed in
the process rather than with the PTHF hydroxyls. [32] In this reaction, epoxy can bond to PTHF or
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another epoxy molecules. However, the rate of the PTHF-Epoxy reaction is significantly greater,
which leads to a random copolymer structure with minimal blockiness. The PTHF monomers
confers the network with the conductive pathways for ions, and the epoxy provides the
mechanical and thermal properties to render the materials suitable for application as an SPE.
The approximate structure of sample is shown in Figure 6 (b). In this study, the
uncomplete conversion of PTHF was indicated by the estimated gel fraction of 0.759, which is
calculated by using equation (1).

3.2 Ionic conductivity of electrolytes
The ionic conductivities of polymers with different O:Ca ratios over the temperature
range from 30 °C to 110 °C are shown in Figure 7. The O:Ca ratios range from 1.1 to 13.8 and
an electrolyte with no salt was tested as well. Electrolytes loaded with calcium have higher
conductivity by at least one order of magnitude compared with pure PTHF-Epoxy with no salt.
The SPEs showed a monotonic increase in conductivity with increase salt loading within the
concentrations explored in this study. The most conducting sample was the one with a O:Ca ratio
of 1.9:1, the SPE showed competitive conductivities of 1.26×10-4 S/cm at 30 °C. With higher
temperature, higher conductivity of electrolyte was achieved. At about 110°C, this electrolyte
presented the highest conductivity at 0.0157 S/cm.
Attaining conductivity values at ~10-3 S/cm is critical for SPEs to replace liquid
electrolytes, and the SPEs synthesized herein achieved this as typical operating temperature of
batteries (60-90 C). Figure 7 (b) transposes the conductivity data at temperatures of 40 and 70
C (as examples) to reveal that a O:Ca ratio of 1.9:1 was indeed the approximate value to yield
maximal conductivity, as smaller ratios thereafter (i.e., 1.1:1, higher salt loading) show a drop in
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conductivity. This decrease of conductivity at ratio 1.1 is believed caused by precipitation of
calcium ions, which leads to decrease amount of calcium on polymer chains and decrease of
conductivity.
It is also observed that the linear trends of the semi-log plots of conductivity versus
inverse temperature reveal an Arrhenius behavior for temperature dependence. Hence, the
conductivity can be fit to an Arrhenius relation:
𝜎𝑇 = 𝜎0 𝑒𝑥𝑝 [

−𝐸𝑎 1
]
𝑘 𝑇

(3)

where σT is the conductivity of electrolytes at temperature T, σ0 is the pre-exponential factor, Ea
is the activation energy, k is the Boltzmann constant, and T is the absolute temperature.

Figure 7. (a) Ion conductivity of PTHF-Epoxy crosslinked networks in Arrhenius plots over a
range of Ca(NO3)2 loadings. Approximate temperatures in °C are given as a reference. (b) Ionic
conductivity as a function of calcium loading.
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The linear trend in the conductivity indicates a highly amorphous structure of the
synthesized electrolytes. The activation energy values are calculated from the slopes of linear
lines by using Arrhenius relation (Equation (3)). The calculated activation energy values are
shown in Table 1. From Table 1, it is observed that the most conducting sample (O:Ca=1.9) has
the highest activation energy and the sample with no salt has the lowest activation. The
activation energies gradually increase with an increase in salt loading, yet conductivity still
increases. The values of the activation energies are similar to previous reports of their values in
solid polymer electrolytes specifically for Li+ conduction,[33] [35] and are associated with the ion
diffusion in flexible solids.[33] The increasing amount of salt loaded may cause the increase of
crystalline phase in the electrolytes and leads to higher activation energy. The activation energies
of PTHF-Epoxy networks range from 0.218 to 0.328 eV. Activation energies around 0.4 eV are
associated with the ion diffusion in flexible solids, while much higher values (around 1.5 eV)
indicate energy barriers as high as those found in solid systems with deep potential wells. [33] In a
glassy conductor, conductivity is given by hopping of ions between different vacant sites on
chains while in rubbery polymer electrolytes, the hopping sites are not fixed, and the ionic
conductivity is related to the segmental motion of the main chains.23 The amorphous structure of
electrolytes leads to higher segmental motion and higher ion transport via hopping mechanism.
Hence, the activation energy values associated with the PTHF-Epoxy-Ca(NO3)2 polymer indicate
a very elastic polymer behavior.
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Table 1. Activation energies of PTHF-Epoxy networks over different calcium loadings.

O:Ca

Ea (eV)

1.1

0.328

1.9

0.309

2.3

0.295

3.8

0.218

4.2

0.244

8.4

0.246

13.8

0.223

No Salt

0.221
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3.3 Thermal behavior of electrolytes
3.3.1 Thermogravimetric analysis (TGA)

Figure 8. TGA curves of pure PTHF-Epoxy crosslinked networks and calcium-loaded samples
with different O/Ca ratios.

Thermogravimetric analysis (TGA) of all samples with different salt loadings was
performed to evaluate the thermal stability. As shown in Figure 8, all samples are stable and have
no degradation (i.e., mass loss) from room temperature up to 120 °C, which shows that samples
are stable within the operating temperature range of batteries. It also indicates that there is not
remnant solvent or moisture during the preparation and handling. The pure copolymer network
(i.e., no salt) is itself thermal stable, showing no mass decrease until 400 C. With increasing
calcium concentration (i.e., lower O:Ca ratio), the decomposition temperature of samples
decreases. Two abrupt mass drops are observed in the range of 100-200 C and 300 C. The
first drop of mass should be due to decomposition of calcium nitrate, and the second drop should

19

be due to decomposition of the network. The figure also shows how with increasing salt loading,
the onset temperature for the second mass drop decreases. This might be due to the additional
calcium ions forming additional crosslinks with the host network, which can destabilize and
catalyze its degradation at elevated temperatures—confirming that the salt has a destabilizing
influence on the host polymer and can weaken the carbon-oxygen bond. Moreover, when
temperature is above 500 °C, the remnant mass increased with increased salt loading. The
composition of residue is unclear, but it is believed to be caused by the interaction between NO3anions of calcium nitrate and the host polymer

[34]

because no such problem was found when

using calcium tetrafluoroborate hydrate as calcium salt. TGA curve of PTHF-Epoxy-Ca(BF4)2 is
shown in Figure 9. The reason for choosing calcium nitrate is mentioned in supporting
information below.

100

Weight(%)

80

60

40
O:Ca=3
20

0
0

200

400

600

Temperature (°C)

Figure 9. TGA curve of PTHF-Epoxy-Ca(BF4)2
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3.3.2 Differential Scanning Calorimetry (DSC)

Figure 10. (a) DSC traces of pure PTHF-Epoxy crosslinked networks and calcium-loaded
crosslinked samples with different O/Ca ratios. Data are offset on the Y-axis for clarity. Second
heating cycle is shown. (b) Variation of the glass transition temperature (Tg).

Figure 8 (a) is the differential scanning calorimetry (DSC) measurements of PTHFEpoxy-Ca(NO3)2, which presents the thermal stability of electrolytes over the temperature range
from -80 to 60°C. The electrolytes investigated include electrolytes with no calcium salt and with
O:Ca ratio from 1.1 to 13.8. From figure 8 (a), electrolytes have no crystallization or melting
peak, which indicates their amorphous structure. All these electrolytes show glass transition
temperature (Tg) between -30°C and -5°C, which are well below room temperature, and hence
are expected to have elastic properties over temperatures typical for battery operation. At
O:Ca=1.9, sample has highest Tg, -5.8°C. With further increase of salt loading, Tg decreases. Tg
at O:Ca=1.1 is -13.1°C, lower than the one with ratio at 1.9. To show this trend clearly, the
determined glass transitions temperature values for SPEs as a function of salt loading were
plotted (Figure 8 (b)). The SPEs show a relatively stable, constant glass transition temperature
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with increased salt loading, except for the sudden increase at a O:Ca ratio of 1.9:1, and finally a
drop for O:Ca = 1:1. The trend shows that the range of salt loading includes both the salt-inpolymer and the polymer-in-salt regimes and these trends can be explained by the polymer
system changing from a salt-in-polymer to polymer-in-salt regime with increased salt load.

[38]

Pure PTHF-Epoxy polymer with no salt has Tg around -30 °C. For salt-in-polymer regimes, with
increased salt concentration (i.e., lower O:Ca ratio), Tg increases, owing to more interactions
between the chains of the polymer host and ions at higher salt concentration. This is also
reflected by an increase in conductivity. For polymer-in-salt regimes, Tg decreases with further
increase of salt. With salt as the main component, the PTHF-Epoxy chains are saturated and
further increase of salt will not yield an increased Tg and conductivity.
The trends in conductivity and glass transitions reveal how the salt interactions with the
polymer host enable the increase in conductivity. The most conducting sample is the one with
O:Ca ratio of 1.9. The high conductivity is associated with the transition of the system to a saltin-polymer regime. The addition of salt makes a tighter electrolyte structure and provides more
free ions to the polymer chain, which is beneficial for increasing conductivity. However, a
further increase in salt, higher than the 1.9:1 ratio yields a lower Tg, because with increasing
number of calcium ions, the ions start to precipitate and the amount of calcium on polymer chain
decreases, which results in the decrease of conductivity.
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3.4 Raman Spectroscopy

Figure 11. Raman spectra of PTHF-Epoxy crosslinked networks with different salt loadings.

Figure 9 presents the Raman spectra of PTHF-Epoxy-Ca(NO3)2 electrolytes for
O:Ca=1.9 and 8.4, as well as the pure PTHF/Epoxy copolymer material. The small Raman peak
centers at ~932 cm-1 is associated to the vibration modes of the C-O-C bond of the PTHF and the
ethylene oxide groups formed from the ring opening of the epoxide function. Notably, with an
increase in salt loading these Raman bands shift, indicating complexation of Ca2+ to oxygen. The
Raman band at ~1050 cm-1 is associated to the nitrate anion.[36]

[37]

For the electrolyte with

calcium salt concentration (O:Ca=1.9 and 8.4), compared with pure PTHF-Epoxy copolymer
material, there is one additional peak at 1050 cm-1, which matches with the Raman shift of
nitrate anion. This peak indicates that for a/the sample with high calcium salt concentration, there
are calcium nitrate ions not bonded with PTHF/Epoxy main chain. Comparing with lower salt
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concentration sample, the higher one has a more intense peak at 1050 cm-1, which means there
are more free calcium ions in the sample and it provides higher conductivity. The complexation
indicates reasonable solvation of the calcium nitrate in the SPE, and the increase in the anion
signal indicates more calcium ions available for conductivity.

CHAPTER IV
SUPPORTING INFORMATION

4.1 The choice of 50/50 PTHF/Epoxy.
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Figure 12. TGA curves of polymers with different PTHF/Epoxy ratios.

75/25 PTHF/Epoxy was tried at first. The 75/25 solution was made and cells with
solution were exposed to incandescent light from a Quartz-Tungsten-Halogen (QTH) source at
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intensity of 12 mW/cm2 for 24 hours. But the sample didn’t turn to solid. 60/40 was tried too but
still did not turn to solid. 50/50 samples can turn to solid after being exposed to incandescent
light for 5 hours. Figure 10 shows TGA curves of polymers with different PTHF/Epoxy ratios.
Samples were photocured for 23 hours. From appearances, the 25/75 one didn’t turn to solid
while the 50/50 is elastic solid and 75/25 is very rigid. From TGA curves, with increasing
proportion of PTHF in the polymer, the thermal stability decreases. Decomposition temperature
decreases from 400 °C to 200 °C. PTHF is liquid at room temperature and is difficult to cure. By
adding epoxy, the polymer was cured under incandescent light and had better thermal stability.
Too much proportion of PTHF cannot be cured while too little PTHF cannot guarantee good
conductivity. Polymer with PTHF/Epoxy ratio at 50/50 is an elastic polymer with good thermal
stability, which is a good choice for electrolyte synthesizing. Regarding salt loading, I tried to
mix PTHF/Epoxy solution with calcium salt (5% mass of total solution) directly and let them be
exposed to incandescent light for more than 24 hours, but the sample remained liquid. Therefore,
it is not possible to have salt added directly before photocuring; another method should be used.
In the research of Catherine N. Walker et al. [38], they let polymer swollen in salt solution to load
salt. In our research I chose the same method as they did. In this research, many PTHF-Epoxy
samples were made. The mass of PTHF and Epoxy must be weighed accurately because a slight
difference may affect the properties of electrolytes. It is very important to make sure the two
materials have 1:1 ratio on mass.
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4.2 The choice of solvent THF.
THF is a good solvent for all components of the system and has a low boiling point,
which makes it easy to remove after loading is completed. The salt that I first chose was calcium
nitrate. During loading, I found that THF can expand the polymer and make it more fragile
before dried; the samples could not keep completed after they were dried. So, other solvents
were tried to see if they could be used instead of THF. In some research, acetonitrile was used as
solvent. But after trying, acetonitrile cannot dissolve calcium nitrate well. Other calcium salt
such as Ca(BF4)2 was tried too but turned out undissolved. Several other solvents were used too,
such as ethanol, methanol, toluene, mixture of THF and acetonitrile. But none of them could
dissolve calcium salt except THF. Therefore, THF was chosen as solvent in this research. Since
THF can expand the volume of samples and make them fragile before drying, less movement
should be made before drying the samples. I chose to use needles to take THF out of vials and
keep polymers in vials before drying. In this case, less movement was made. If I treated the
samples carefully, they would not be broken very seriously and when they are dried, they can be
as elastic as before. But sometimes they still break. This is an unsolved problem. To get
complete pieces of PTHF-Epoxy polymers, more solvents should be tried to find out a more
befitting solvent. Or, other methods should be developed in the future.
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4.3 The choice of calcium salt.
At first, a series of samples with different calcium nitrate was made and tested by TGA.
A large amount of mass residue was found. Compared with TGA results of pure polymer, it is
believed to be caused by the existence of calcium salt. So, Ca(BF4)2 was then tried instead of
calcium nitrate, but after drying in vacuum chamber overnight, the samples turned brown, which
is a darker color than other samples made with calcium nitrate. (Figure 11) The impedance
spectroscopy result shows that brown samples have poor conductivity compared with samples
made with calcium nitrate. Therefore, oxidization may happen in this process. This salt was tried
several times, but the sample turned dark every time and conductivity was poor, so it is not a
good choice in this research; we decided calcium nitrate was to be used. The large mass residue
situation was found in several other papers as well, which should be caused by salt and did no
harm to properties of the electrolytes.

Figure 13. (a) Photo of PTHF-Epoxy-Ca(BF4)2 (b) Photo of PTHF-Epoxy-Ca(NO3)2
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4.4 Oxidization and water absorption
Meanwhile, oxidization and water absorption are problems that can affect the result and
performance of electrolytes. In the research of Walker et al. [38], it is mentioned that the effect of
moisture on conductivity is reversible, which means once the water is removed, the conductivity
will recover. In their research, electrolytes were put back into the vacuum chamber for heating
and drying again before conductivity tests. In my research, I noticed that after one night placing
the electrolyte in normal air environment, a large decrease of conductivity was observed, while
placing the electrolyte in low oxygen and water environment can keep the conductivity stable.
The decreased conductivity samples were put back into the vacuum chamber for heating and
drying overnight, but the result is that conductivities were not recovered, and electrolytes turned
more rigid and became hard. The whole synthesis process is complicated and includes
photocuring, soaking, and drying, which makes it hard to finish all procedures in glovebox filled
with inert gas. The existence of oxygen and water affect the result in some ways; to reduce the
effects, I tried to test fresh samples as soon as they were dried and store them in desiccator with
less oxygen and water. (Figure 12)

Figure 14. Desiccator.
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4.5 Testing ion conductivity by using AC Impedance Spectroscopy.
AC impedance measurements were carried out on a Solartron Energy Lab XM Instrument.
The sample was cut into small pieces and sandwiched between two stainless steel blocking
electrodes, which were surrounded by a heating jacket with heaters inside. The size (i.e., length,
width and thickness) was measured and recorded before and after testing. The average of the two
measurements was considered as the size of the sample and was used in calculation of ion
conductivity.

In conductivity testing, we controlled temperatures by using heaters to heat

samples up. The effect of heating is hysteretic, so different heating time can cause inaccurate
conductivity results, which may affect the trend of a plot and make the semi-log plots of
electrolytes nonlinear. Controlling all heating procedures at the same time interval can help us
get accurate results; heating for three minutes after every temperature change and then running
the equipment made conductivity more accurate. The Nyquist plot (shown in Figure 12) has xaxis that shows real impedance and y-axis that shows imaginary impedance. By using equivalent
circuit method to fit the Nyquist plot of the impedance, the bulk resistance was acquired. The
circuit used in this research is shown in Figure 12. The bulk resistance of electrolyte equals to
resistance of R1 in the equivalent circuit. The frequency ranges from 1 MHz to 0.1 Hz and the
amplitude was 20 mV.
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Figure 15. Z’-Z’’ plot and fitting of conductivity testing.

When the electrolyte has very low ion conductivity, the curve is noisy and has an unclear
trend. The resistance cannot be read, and conductivity is hard to calculate. For example, when
testing conductivity of PTHF-Epoxy-Ca(BF4)2 electrolyte that I made, because of oxidization,
the conductivity is very low and can hardly be tested.
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CHAPTER V
CONCLUSION

A series of calcium solid state polymer electrolytes was synthesized by photocrosslinking

polytetrahydrofuran

(PTHF)

with

3,4-epoxycyclohexylmethyl

3ʹ,4ʹ-

epoxycyclohexane carboxylate (Epoxy) under photo-initiation of initiator, camphorquinone (CQ)
and (4-octyloxyphenyl)-phenyliodonium hexafluoroantimonate (OPPI) via an active monomer
mechanism. The electrolytes were loaded with different amounts of calcium nitrate (Ca(NO3)2).
The conductivities of electrolytes were evaluated by electrochemical spectroscopy impedance,
and the SPE can show competitive conductivities of 1.26×10-4 S/cm at 30 °C reaching the highest
conductivity of 0.0157 S/cm at 110 C. At typical operating temperature of batteries (60-90 C),
the SPEs can achieve conductivity values at ~10-3 S/cm. In TGA and DSC tests, the SPEs show
promising thermal stability in that they are stable from room temperature up to 120 °C and have
transition temperature well below room temperature. In summary, we have shown the successful
synthesis and favorable properties of a solid polymer electrolyte for calcium ion conduction.
Future work will focus on exploring other salts of calcium as well as prototyping calcium ion
batteries.
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